Induced pluripotent stem (iPS) cells, which are morphologically and functionally similar with embryonic stem (ES) cells, have been successfully generated from somatic cells through defined reprogramming transcription factors. Forkhead class O3a (FoxO3a) has been recently reported to play an important role in the homeostasis and maintenance of certain types of stem cells; however, the role of FoxO3a in the reprogramming process and differentiation of iPS cells remains unclear. In this study, we investigate the function of FoxO3a during the reprogramming process and characterize the properties of iPS cells from FoxO3a-wild type and -null mouse embryonic fibroblasts (MEFs). Our results show that the FoxO3a-null iPS cells are similar to the wild-type iPS cells in the levels of ES cell markers, alkaline phosphatase activity, and formation of teratoma in vivo. The reprogramming process is delayed in the FoxO3a-null MEFs compared to the wild-type MEFs; whereas the overexpression of FoxO3a partially recovers the impaired reprogramming efficiency in the null group. More importantly, FoxO3a deficiency impairs the neuronal lineage differentiation potential of iPS cells in vitro. These results suggest that FoxO3a affects the reprogramming kinetics and the neuronal lineage differentiation potential of the resulting iPS cells. Therefore, this study demonstrates a novel function of FoxO3a in cell reprogramming, which will help the development of alternative strategies for generating iPS cells.
Introduction
E mbryonic stem (ES) cells are promising sources for cell transplantation in regenerative medicine and tissue replacement due to their plasticity and pluripotency. However, their clinical application raises ethical concerns and includes the risk of donor-host rejection [1] . More recently, it has been reported that fibroblasts can be reprogrammed to induced pluripotent stem (iPS) cells by ectopic expression of transcription factors Oct3/4, Sox2, either Klf4 and c-Myc or Nanog and LIN28 [2] [3] [4] . These iPS cells are morphologically and functionally similar, but not identical, to ES cells [3] . Current reprogramming technology allows the induction of patientand disease-specific iPS cells, which could be applied in cell replacement without concern for immune rejection [5] . In addition, iPS cells have been directly and efficiently differentiated into many specified cell types in vitro, such as motor neurons [6] , dopaminergic neurons [7] , cardiac cells [8] , and hepatocytes [9] . The transplanted dopaminergic neurons derived from iPS cells could survive and function in an animal model of Parkinson's disease [10] . However, the tumorigenicity due to the genetic manipulation during the reprogramming process of iPS cells prohibits its clinical application.
Even after long-term differentiation, a small number of iPS cells may still remain undifferentiated and could be expanded [11] . So it is vital to fully understand the full differentiation of iPS cells in vitro and in vivo.
The family of forkhead class O (FoxO) proteins, consisting of FoxO1, FoxO3a, FoxO4, and FoxO6, are critical regulators in various physiological processes, including cell cycle arrest, apoptosis, and antioxidative stress, and are mediated through a distinct forkhead DNA-binding domain [12, 13] . FoxO factors have been shown to be regulated by Aktdependent phosphorylation with the stimulation of insulin or growth factors, which induces their nuclear export [14] . Many additional stress stimuli, such as DNA damage [15] , nutrient deprivation [16] , cytokines [17] , and hypoxia [18] could also regulate the function of the FoxO family. In summary, FoxO transcription factors integrate extracellular stimuli into intracellular signals through various mechanisms.
It is reported that FoxO transcription factors play a unique role in life-span regulation downstream of the insulin receptor in caenorhabditis elegans [19] , and genetic variation within FoxO3a was strongly associated with human longevity [20] [21] [22] . FoxO3a has recently been found to regulate the self-renewal and homeostasis of hematopoietic [23] and neural [24, 25] stem cells (NSCs), primarily by providing resistance to oxidative stress. In addition, NSCs isolated from FoxO3a-null mice showed an impaired capability to generate different neural lineages [24] and FoxO3a-null mice exhibit a myeloproliferative syndrome, with an increased white blood cell count [26] . FoxO3a was also involved in CXCL12-mediated human neural progenitor cell proliferation through cell cycle control [27] . Although the functions of FoxO3a have been elaborately studied in somatic stem cells, it still remains unknown that whether FoxO3a regulates the reprogramming process and differentiation of iPS cells. Due to the similarity of iPS cells with ES cells, the emergence of iPS cell technology also indicates the possible role of FoxO3a in ES cells.
In this study, FoxO3a-wild type and -null mouse embryonic fibroblasts (MEFs) are used as the parental cells to generate iPS cells and the reprogramming kinetics is analyzed during this process. Further, the resulting FoxO3a-wild type and -null iPS cells are examined in their self-renewal and pluripotency in vitro and in vivo. Our results demonstrate that FoxO3a-null MEFs can also be reprogrammed to iPS cells with high expression of ES cell markers, strong alkaline phosphatase (AP) activity, and the resulting iPS cells can form teratomas with three germ layer structures in vivo. However, the reprogramming process is delayed when FoxO3a is deficient, which could be partially rescued by the overexpression of FoxO3a in the null MEFs. Moreover, the resulting FoxO3a-null iPS cells are defective in their differentiation into neuronal lineages in vitro. These cumulative findings illustrate a novel function of FoxO3a in cell reprogramming, which will help the development of alternative strategies for generating iPS cells.
Materials and Methods

Media for cell culture
MEFs were cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen), supplemented with 10% fetal bovine serum (FBS; Invitrogen), 0.1 mM MEM nonessential amino acid (ATCC), 100 U/mL penicillin, and 100 mg/mL streptomycin (Sigma-Aldrich). Plat-E cells (Cell Biolab) were maintained in DMEM, supplemented with 10% FBS, 1 mg/ mL puromycin (Sigma-Aldrich), 10 mg/mL blasticidin (Sigma-Aldrich), 100 U/mL penicillin, and 100 mg/mL streptomycin. ESGRO Complete PLUS Clonal Grade Medium (Millipore) was used for iPS cell maintenance. NSCs were expanded in NeuroCult Ò NSC basal medium with proliferation supplement (STEMCELL Technologies), 10 ng/ mL recombinant human basic fibroblast growth factor (Sigma-Aldrich), and 20 ng/mL recombinant human epidermal growth factor (R&D Systems). The medium for monoculture of iPS cell differentiation was DMEM/F12 (Invitrogen) with N-2 supplement (Invitrogen) and B-27 supplement (Invitrogen). The medium for neuron differentiation from NSCs was neural basal medium (Invitrogen) plus B-27 supplement.
Animals
FoxO3a-wild type and -null FVB/NJ and severe combined immunodeficiency (SCID) mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Animals were housed under pathogen-free conditions at University of Nebraska Medical Center (UNMC) with ad libitum access to food and water. All animal experiments and procedures were approved by the UNMC Institutional Animal Care and Use Committee in compliance with ethical guidelines set forth by the National Institutes of Health.
Isolation and culture of MEFs
Embryos were isolated from 14-day (E14) pregnant mice. The head and visceral tissues were removed and the remaining bodies were washed in sterile Dulbecco's phosphate buffered saline (Invitrogen) and treated with 0.25% trypsin/ 1 mM ethylenediaminetetraacetic acid solution (Sigma-Aldrich). After trypsinization, an equal amount of MEF medium was added, and the cell suspension was filtered through a 40-mm cell strainer to remove tissue debris. MEFs were used within three passages to avoid replicative senescence.
Retroviral packaging and infection
Plat-E cells were used as the virus packaging cells and pMXs-based retroviral vectors were introduced into these cells with LipofectamineÔ LTX (Invitrogen). Virus-containing supernates derived from these Plat-E cultures were filtered through a 0.45-mm filter supplemented with 10 mg/mL polybrene (Millipore). After retroviral infection, the medium was switched to MEF medium for 24 h, and then to the serum-free ESGRO medium (Millipore) [28] .
Teratoma formation assay
Teratoma formation [2] was assessed as previously described with modifications. Briefly, suspensions of undifferentiated iPS cells were subcutaneously injected into the dorsal flank of SCID mice. Six weeks after injection, tumors were weighed, fixed in 4% paraformaldehyde (PFA), and embedded in paraffin. Sections were stained with hematoxylin and eosin for histological analysis. Immunohistochemistry staining specific for Tuj (Abcam), alpha smooth muscle actin (a-SMA) (Abcam), and alpha-fetoprotein (AFP) (Dako) was carried out on teratoma sections to identify ectoderm, mesoderm, and endoderm structures, respectively.
Neural differentiation of iPS cells
To progressively differentiate iPS cells to NSCs and neurons [29] , embryonic bodies were formed in bacteriological grade dishes with suspension culture for 4 days, and then plated onto the adhesive tissue culture surface. Selection of Nestin-positive cells was initiated by switching to serum-free insulin, transferrin, selenium chloride, and fibronectin (ITSFn) medium. After 6-10 days, cell expansion was performed by switching to NSC medium. According to the established protocol for monolayer culture [30] , undifferentiated iPS cells were plated onto 0.1% gelatin-coated coverslips, and then subjected to western blotting analysis and immunostaining with specific antibodies, including Oct3/4 (Santa Cruz), Nestin (DSHB), Sox2 (Cell Signaling Technologies), Tuj, and glial fibrillary acidic protein (GFAP) (Cell Signaling Technologies).
Western blot
Western blot was performed as previously described [31] . The protein mixtures were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis and then transferred to an Immuno-Blot polyvinylindene fluoride membrane (Bio-Rad). After blocked in tris-buffered saline/Tween (0.1%) with 5% fat-free milk for 1 h, the membrane was then incubated with primary antibodies specific for FoxO3a, Oct3/4, Tuj, GFAP, Nestin, and b-actin overnight at 4°C, followed by horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technologies). The signal was visualized by enhanced chemiluminescent solution (Pierce) and captured with CL-X PosureTM Film (Pierce).
AP staining
After the recommended protocol from AP detection kit (Millipore), FoxO3a-wild type and -null iPS cells were fixed with 4% PFA for 1-2 min, and then washed with 1· Rinse Buffer. After incubated with the staining solution for 15 min, cells were washed with 1· Rinse Buffer and the number of AP + colonies was counted under light microscope.
Statistical analyses
Data were expressed as means -standard deviation and statistically evaluated by analysis of variance followed by the Tukey's test for paired observations. Significance was considered as a p-value of < 0.05. All assays were performed at least twice, with triplicate samples in each experiment.
Results
The deficiency of FoxO3a delayed the reprogramming process from MEFs to iPS cells
After the protocol as previously described [28] , we isolated and cultured MEFs from FoxO3a-wild type and -null mice, and infected cells with retroviruses encoding Yamanaka factors, including Oct3/4, Sox2, Klf4, and c-Myc. We found that the reprogramming kinetics of FoxO3a-null MEFs was slower compared with wild-type MEFs and the AP was activated after the introduction of Yamanaka factors at day 3 in FoxO3a-wild type MEFs, which is consistent with previous observations [32, 33] ; however, AP activity was only detected at day 5 in FoxO3a-null MEFs (Fig. 1A, B) . In addition, the total yield of AP + colonies was significantly higher in the FoxO3a-wild type MEFs compared with the FoxO3a-null MEFs (Fig. 1C, D) , indicating that the deficiency of FoxO3a delayed the reprogramming kinetics. Moreover, we also observed that the expression level of FoxO3a was highly upregulated during the reprogramming process from MEFs to iPS cells, and the pluripotency marker Oct3/4 was only detected in the iPS cells (Fig. 1E, F) . These data suggest that FoxO3a may be involved in the generation of iPS cells from MEFs. As expected, FoxO3a was totally absent at the protein level in the FoxO3a-null MEFs (Fig. 1E) .
Overexpression of FoxO3a improved the reprogramming efficiency
To further confirm the vital function of FoxO3a during reprogramming process, we constructed the pMXs-base retrovirus encoding FoxO3a-green fluorescent protein (GFP) fusion protein, and then transduced in FoxO3a-wild type and -null MEFs. As indicated by GFP expression, we observed that the infection efficiency was high in MEFs ( Fig. 2A) . When the Yamanaka factors were introduced into FoxO3a-wild type and -null MEFs together with GFP or FoxO3a-GFP, we found that there was no significant difference of reprogramming efficiency between GFP group and FoxO3a-GFP group either in FoxO3a-wild type or -null MEFs (Supplementary Fig. S1 ; Supplementary Data are available online at www.liebertpub.com/scd), probably due to the counteraction of Yamanaka factors to FoxO3a. Thus, we firstly infected FoxO3a-wild type and -null MEFs with GFP or FoxO3a-GFP. After 5-7 days, these cells were counted and replanted in a new six-well plate with the same cell numbers for iPS generation. Due to the antiproliferation effect of FoxO3a [12] , the total cell number of FoxO3a-GFP group was much lower than the GFP group in FoxO3a-wild type MEFs; however, we observed the protection of FoxO3a in the null MEFs (Fig. 2B) . Although the virus infection significantly impaired the final yield of AP + colonies compared to the control group, the overexpression of FoxO3a-GFP dramatically increased the reprogramming efficiency in both FoxO3a-wild type and -null MEFs (Fig. 2C, D) .
To determine the level of reactive oxidative stress (ROS), we performed the dihydroethidium (DHE) staining, the indicative of ROS and found that the deficit of FoxO3a increased levels of ROS in MEFs ( Supplementary Fig. S2A, B) . FoxO3a protects cells against oxidative stress by directly regulating the expression of enzyme manganese superoxide dismutase (MnSOD) [34] . Western blotting analysis also demonstrated the ROS-related changes, including the decrease of MnSOD expression, one of the major cellular antioxidant defense system, and the increase of 4-hydroxynonenal (4-HNE) level, which is produced by the lipid peroxidation chain reaction during oxidant stress (Supplementary Fig. S2C ). Generally, MEFs progressively decrease proliferation due to cellular senescence and the higher levels of senescence markers-p16 and p21 were detected in the FoxO3a-null MEFs compared to the wild-type MEFs (Supplementary Fig. S2D ). These results suggest that all the changes induced by FoxO3a deficiency contribute to the delay of reprogramming process in MEFs.
Similarity of FoxO3a-null iPS cells with the wild-type iPS cells
Although FoxO3a-null MEFs could form AP + colonies with ES cell morphology through ectopic expression of Yamanaka factors, it remains questionable as to whether these ES cell-like colonies were true iPS cells with the capability of self-renewal, proliferation, and differentiation. Both FoxO3a-wild type and -null colonies were isolated and continuously propagated in vitro with serum-free ESGRO complete medium and subjected to AP activity analysis, immunofluorescence staining, and teratoma formation assay. The results demonstrated that both FoxO3a-wild type and -null iPS cells had strong AP activity (Fig. 3A, B) , and there was no difference in the immunofluorescence staining with regards to the expression level of the ES cell markers Oct3/4 and SSEA-1 
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between these two kinds of iPS cells (Fig. 3C-F) . In addition, the real-time polymerase chain reaction (RT-PCR) results showed that the fibroblast-specific genes, including Col1a1, Col3a1, Twist1, Twist2, Snai1, and Dkk3, were silenced to the similar levels of ES cells ( Supplementary Fig. S3A ), while the ES cell-specific genes, including Nanog, Zfp42, Utf1, Dppa5a, and Eras, were significantly upregulated ( Supplementary  Fig. S3B ). Using specific primers to detect exogenous and endogenous genes expression used for reprogramming, we observed that ectopic Oct3/4 and Sox2 were silenced and the endogenous genes were activated to the similar levels with ES cells (Supplementary Fig. S3C ). The expression of Nanog was further confirmed by immunofluorescence staining with specific antibody (Supplementary Fig. S3D, E) .
To further confirm the pluripotency property of the resulting FoxO3a-wild type and -null iPS cells in vivo, these cells were subcutaneously injected into the flank of SCID mice. We observed that the teratomas formed 5 weeks post injection in both FoxO3a-wild type and -null iPS cell groups (Fig. 4A) , whereas there was no difference in the weight of tumors between the two groups (Fig. 4B) . In addition, histological examination showed that both teratoma tissues contained three germ layer structures, specifically epidermis (ectoderm), muscle, and cartilage (mesoderm), and intestinal epithelium (endoderm) (Fig. 4C) . Further immunohistochemistry analysis demonstrated that both paraffin sections of teratomas contained cells positive for three lineage-specific markers: Tuj (neuron-specific, ectoderm), a-SMA (muscle-specific, mesoderm), and AFP (fetal liver-specific, endoderm) (Fig. 4D ).
FoxO3a deficiency impairs the neuronal lineage differentiation in vitro
It was reported that NSCs isolated from FoxO3a-null mice showed an impaired capability to generate different neural lineages [24] , and considering the difficulty of comparing the ratio of endoderm, mesoderm, and ectoderm in teratoma, we desired a feasible method to assess the potential for neuronal lineage differentiation between FoxO3a-wild type and -null iPS cells. The FoxO3a-null iPS cells were differentiated into neuronal lineages in vitro either with or without embryonic formation. We first differentiated FoxO3a-wild type and -null iPS cells into NSCs with serum-free ITSFn medium to select Nestin-positive cells from embryonic bodies [29] . Our results demonstrated that both FoxO3a-wild type and -null iPS cells could normally differentiate into NSCs in vitro (Fig. 5A) . However, the NSCs derived from FoxO3a-wild type iPS cells showed higher potential for neuron differentiation, compared to NSCs derived from FoxO3a-null iPS cells (Fig. 5B,  C) , and the expression level of FoxO3a was observed to be increased during the differentiation process (Fig. 5B, C) . Immunofluorescence staining results showed that the knockout of FoxO3a decreased the proportions of both neurons (Tuj + ) and astrocytes (GFAP + ) during differentiation Fig. S4A, B) , suggesting that FoxO3a not only contributes to the proper reprogramming, but is also involved in the regulation of neuronal lineage differentiation. Using an adherent monolayer culture system, ES cells could be directly driven into a neuronal state without embryonic body formation [30] ; however, it is still unknown if FoxO3a-wild type and -null iPS cells could be directly converted into neuroectodermal lineages, while omitting the formation of embryonic body, so these two types of iPS cells were dissociated to single cells and plated in monoculture differentiation medium onto 0.1% gelatin-coated six-well plates. Our results showed that most FoxO3a-wild type iPS cells differentiated into neural lineages after 6 days, and Oct3/4, the pluripotency marker of ES cells, was not detectable with either western blot or immunofluorescence staining (Fig. 6A, C) , whereas the NSC marker Nestin, the neuron marker Tuj, and the astrocyte marker GFAP all progressively increased, suggesting that FoxO3a-wild type iPS cells successfully differentiated into neuronal lineages in monoculture condition (Fig. 6A-C) . However, there were still high levels of Oct3/4 in FoxO3a-null iPS cells even after 6 and 12 days differentiation (Fig. 6A-C) , indicating that some of FoxO3a-null iPS cells remained undifferentiated. In addition, the expression levels of Nestin, Tuj, and GFAP in FoxO3a-null iPS cells were lower than that in FoxO3a-wild type iPS cells (Fig. 6A-C) . Together, these results indicate that the knockout of FoxO3a induces iPS cells refractory to fully differentiate into neuronal lineages in vitro.
Discussion
In our previous study, mouse astrocytes have been successfully reprogrammed into iPS cells and possess more potential for neuronal differentiation than iPS cells from MEFs [35, 36] . Here we investigated the reprogramming process and neuronal differentiation of iPS cells derived from 
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FoxO3a-wild type and -null MEFs, and our results demonstrate that the iPS cell reprogramming kinetics is delayed due to FoxO3a deficiency and that the reprogramming process upregulates the expression of FoxO3a, suggesting a critical function of FoxO3a in the process of iPS cell generation. Overexpression of FoxO3a before Yamanaka factors promotes the final yield of iPS cell colonies in both FoxO3a-wild type and -null MEFs, confirming its vital function during reprogramming process. In addition, FoxO3a-null iPS cells are refractory to fully differentiate in vitro, specifically into neuronal lineages. However, FoxO3a-null iPS cells are similar to wild-type iPS cells with regards to their expression levels of ES cell markers, AP activity, and capability of teratoma formation. These results suggest that FoxO3a mainly functions in the reprogramming process and neuronal differentiation of iPS cells.
The functions of FoxO3a are extremely complicate and sometime contradictory. It not only functions as a trigger for apoptosis and inhibits the cell proliferation [37] , but also protects cells against from oxidative stress through directly regulating the expression of antioxidants, such as MnSOD and Catalase [38] . Thus, the overexpression of FoxO3a with virus could only protect MEFs in the null group but not in the wild-type group (Fig. 2B) ; however, the improvement of reprogramming efficiency are observed in both FoxO3a-wild type and -null MEF groups (Fig. 2C, D) , which may be due to the ROS generated by reprogramming factors [39, 40] . We have observed that the deficiency of FoxO3a downregulates MnSOD expression, which subsequently increases the ROS level in MEFs and produces more 4-HNE ( Supplementary  Fig. S2 ). This resulted high ROS condition unfavors the generation of iPS cells and FoxO3a mainly functions its antioxidative effect during the reprogramming process.
One significant characteristic of MEF cells is their cellular senescence, which is defined as an irreversible state of G1 cell cycle arrest after a serial of passages [41] . Various stresses, such as virus infection and oxidative stress, speed up the cellular senescence and progressively induce the CDK inhibitor-p16 and p21 in aging cells [42] . We also observed the upregulation of p16 and p21 in FoxO3a-null MEFs, compared to the wild-type MEFs. Thus, we only use the FoxO3a-wild type and -null MEFs derived from littermates with the same passage to avoid the artificial effect of passages to reprogramming efficiency and the FoxO3a-heterozygous males are mated with the FoxO3a-heterozygous females to isolate MEFs.
Recently it has been reported that FoxO1, another member of FoxO family, is an essential regulator of pluripotency in both human and mouse ES cells through directly regulating the gene expression of Oct3/4 and Sox2 and the knockdown of FoxO3a with shRNA results in the loss of pluripotency in mouse ES cells without modulating the expression of Oct3/4 and Sox2 [43] . However, our data show that the FoxO3a-null iPS cells are strongly AP positive and express high levels of ES cell markers, such as Oct3/4, SSEA1 (Fig. 3) , and Nanog ( Supplementary Fig. S3 ). Moreover, the transgenes of Yamanaka factors are silenced in FoxO3a-wild type and -null iPS cells, while the endogenous ES-specific network is activated ( Supplementary Fig. S3) ; which indicates the complete reprogramming of these iPS cells. The reason may be due to the selection process during the generation of iPS cells from FoxO3a-null MEFs. The criteria for choosing iPS cell colonies are based on both the morphology and AP activity. The colonies chosen are already AP + and show the ES cell morphology; thus, excluding the non-ES cell-like colonies. Interestingly, the effects of FoxO3a knockout on the NSCs are only significant in adult mice, but not on the NSCs from embryonic or postnatal mice; thus, it may take a longer time for the defect of self-renewal in the FoxO3a-null iPS cells to become apparent. As the teratoma formation assay is currently regarded as the gold standard test for the pluripotency of ES and iPS cells, the capacity of full differentiation of FoxO3a-wild type and -null iPS cells were examined using teratoma formation in vivo and followed by differentiation into neuronal lineages in vitro. Our results demonstrate that both FoxO3a-wild type and -null iPS cells could form cell lineages of all three germ layers. Thus, the deficiency of FoxO3a in iPS cells does not influence the pluripotency property of generating different germ layer structures in vivo.
Although the pluripotency of FoxO3a-null iPS cells is similar to the wild-type iPS cell in vivo, there is still a dramatic difference in their neuronal differentiation properties. The results show that both FoxO3a-wild type and -null iPS cells could differentiate into NSCs with ITSFn selection medium (Fig. 5A) ; however, the NSCs derived from FoxO3a-null iPS cells showed lower potential for both neuron and astrocyte differentiation than the NSCs derived from FoxO3a-wild type iPS cells (Fig. 5B, C and Supplementary Fig. S4 ), which suggests that FoxO3a is essential for the proper differentiation of iPS cells in vitro. In addition, another method of direct differentiation of iPS cells into neurons has indicated that a part of FoxO3a-null iPS cells still remain in an undifferentiated state with high levels of Oct3/4 (Fig. 6) .
Many other studies have also demonstrated that FoxO3a plays a vital role in the proper differentiation of hematopoietic and NSCs. FoxO3a-null mice exhibit a myeloproliferative syndrome and NSCs isolated from FoxO3a-null mice FoxO3a-wild type and -null iPS cells were plated onto 0.1% gelatin-coated tissue culture plastic in Dulbecco's modified Eagle's medium/F12 with N2 and B27. At 0, 6, and 12 days, protein samples were collected for FoxO3a, Nestin (neural stem cell marker), Tuj (neuronal lineage marker), GFAP (astrocyte marker), and Oct3/4 (pluripotency marker).
(B) At 6 days, differentiated cells were fixed with 4% paraformaldehyde and stained with Nestin (red), Sox2 (green), and DAPI (blue). Upper panels were from FoxO3a-wild type iPS cells and lower panels were from FoxO3a-null iPS cells. (C) Tuj (red), Oct3/4 (green), and DAPI (blue) were examined through immunofluorescence staining at 6 days. Upper panels were from FoxO3a-wild type iPS cells and lower panels were from FoxO3a-null iPS cells. Scale bar = 50 mm. Color images available online at www.liebertpub.com/scd have an impaired ability to generate different neural lineages [23, 24, 26] . In addition, the expression of FoxO3a is upregulated after differentiation into neuronal lineages with both monoculture and progressive differentiation, suggesting the critical function of FoxO3a in the proper neuronal differentiation of iPS cells. Recently, induced NSCs (iNSCs) have been directly generated from mouse and human fibroblasts omitting the pluripotent stage [44, 45] and FoxO3a may be also involved in the reprogramming process and proper differentiation of these iNSCs.
FoxO3a is widely expressed in the original cell-MEFs, the reprogrammed-iPS cells, and also in the neuronal lineages, including NSCs, neurons, and astrocytes; it seems that the expression of FoxO3a progressively increases. As the reprogramming process and pluripotency stage are two different procedures, FoxO3a may regulate a different subset of genes with its FoxO binding motif. As reported in the NSCs, FoxO3a is required for the expression of hypoxia-dependent genes, such as Ddit4. FoxO3a may also be able to directly bind the regulatory regions of Ddit4, a proven target of hypoxia-induced factor 1 in the iPS cells.
In summary, our findings suggest new functions of FoxO3a in the pluripotency and differentiation of iPS and ES cells. Understanding the complete and proper differentiation of iPS cells in vitro and in vivo could contribute to the ongoing efforts to develop new cell therapies in regenerative diseases.
